Histone deacetylase 3 (HDAC3) is the catalytic component of NCoR/SMRT corepressor complexes that mediate the actions of transcription factors implicated in the regulation of B-cell development and function. We crossed Hdac3 conditional knockout mice with Mb1-Cre knockin animals to delete Hdac3 in early progenitor B cells. The spleens of Hdac3 
Histone deacetylase 3 (HDAC3) is the catalytic component of NCoR/SMRT corepressor complexes that mediate the actions of transcription factors implicated in the regulation of B-cell development and function. We crossed Hdac3 conditional knockout mice with Mb1-Cre knockin animals to delete Hdac3 in early progenitor B cells. The spleens of Hdac3 
CD43
+ populations identified a defect in V H DJ H recombination with a severe reduction in productive rearrangements, which directly corresponded to the loss of pre-B cells from Hdac3 Δ/− bone marrow. For Hdac3 Δ/− B cells that did show productive VDJ rearrangement, there was significant skewing toward the incorporation of proximal V H gene segments and a corresponding reduction in distal V H gene segment use. Although transcriptional effects within these loci were modest, Hdac3 Δ/− progenitor cells displayed global changes in chromatin structure that likely hindered effective distal V-DJ recombination. Reintroduction of wild-type Hdac3 restored normal B-cell development, whereas an Hdac3 point mutant lacking deacetylase activity failed to complement this defect. Thus, the deacetylase activity of Hdac3 is required for the generation of mature B cells.
histone deacetylase | chromatin structure | B-cell development | HDAC3 | VDJ recombination H istone deacetylase 3 (Hdac3) functions as the catalytic component of NCoR/SMRT corepressor complexes that are recruited by sequence-specific transcription factors to regulate transcription through the deacetylation of both histone and nonhistone proteins (1) (2) (3) . Although bulk histone acetylation is generally controlled during replication by Hdac1 and Hdac2 (4, 5) , Hdac3 is required for the maintenance of heterochromatin in some tissues (6, 7) . Furthermore, the ability of Hdac3 to modulate chromatin accessibility has profound effects on gene transcription, DNA replication, and DNA repair (8) (9) (10) (11) (12) (13) . For example, hepatocyte-specific deletion of Hdac3 resulted in global changes in histone acetylation, nucleosomal compaction, and changes in gene expression (6) . Although Hdac3 has robust deacetylase activity and is proposed to mediate the activity of some class II HDACs that lack intrinsic deacetylase function (14, 15) , deacetylase inactive mutants of Hdac3 appeared to partially complement the phenotype of hepatocyte-specific Hdac3-knockout mice (16) . This was interesting given that the livers of Albumin-Cre-Hdac3 −/− mice displayed phenotypes associated with global increases in histone acetylation, including a loss of heterochromatin (6, 9) .
The adaptive immune system has provided an excellent model for the study of higher-order chromatin structure and also provides a simple genetic system in which to dissect mechanisms of action for Hdac3. Lymphocytes rely on a series of recombinationdependent genome-editing processes, such as VDJ recombination and class-switch recombination, for their development and function. These recombination events are regulated through locus accessibility and require long-range chromatin interactions (17, 18) . The Rag1 and Rag2 recombinases introduce DNA doublestrand breaks at recombination signal sequences, followed by processing and repair of these breaks to produce a functional Ig chain with a unique combination of one V, one D, and one J segment for the heavy chain and one V and one J segment for the light chain. Importantly, this process relies on chromatin remodeling to juxtapose V H and D segments located up to several megabases apart (18, 19) . The effective completion of VDJ recombination creates a functional B-cell receptor that signals further development (20, 21) . Consistently, disruption of VDJ recombination causes severe combined immunodeficiency in humans and animal models (22, 23) .
Here, we crossed mice harboring a conditional Hdac3 allele to Mb1-Cre transgenic mice to define the role of Hdac3 in early B-cell development. Mb1 is expressed before the onset of VDJ recombination of the IgH locus (24) , and inactivation of Hdac3 resulted in impaired B-cell development before the formation of a functional B-cell receptor (BCR). Deep sequencing of the heavy chain locus revealed a dramatic reduction in productive VDJ recombination with a particularly profound defect in distal V H gene use, suggesting that long-range recombination events were especially impaired. Although distal IgH elements remained accessible in the absence of Hdac3, an increase in micrococcal nuclease sensitivity suggested that changes in chromatin compaction may impair distal VDJ recombination resulting in failed B-cell maturation. Although previous analysis in the mouse liver implied Significance Successful rearrangement of the immunoglobulin locus is critical for B-cell development in the bone marrow and the function of our immune system. Here, we used a conditional gene deletion mouse strain to show that Hdac3 is required for the regulation of chromatin structure and for the productive recombination of the IgH locus, which creates immune diversity and allows B-cell maturation. Although the importance of Hdac3 deacetylase activity was recently drawn into question, we used bone marrow transplantation assays to demonstrate the requirement of Hdac3 deacetylase activity for the production of a fully recombined B-cell receptor, progenitor B-cell survival, and successful differentiation to mature B cells.
that Hdac3-associated phenotypes may be independent of the deacetylase activity of Hdac3 (16), re-expression of an Hdac3 mutant lacking deacetylase activity failed to restore normal development of Hdac3 Δ/− B cells.
Results

Hdac3
Is Required for B-Cell Survival and Maturation. Hdac3 F/− mice were crossed with Mb1-Cre transgenic mice, resulting in deletion of Hdac3 in early B-cell progenitors. Western blot analysis indicated that there was a significant reduction of Hdac3 in heterozygous B220 + B cells sorted from the bone marrow and a nearly complete loss of Hdac3 from Hdac3 (Fig. S1A ). This loss of Hdac3 was associated with global changes in histone acetylation as detected in Western blot analysis (Fig.  S1B) . Spleens isolated from Hdac3-deficient mice were noticeably smaller as well as darker in color than spleens isolated from control animals (Fig. S1C ). This dark appearance is likely due to a dramatic reduction in B lymphocytes, as flow cytometry analysis revealed a complete loss of B220 + splenocytes from Hdac3-deleted animals (Fig. 1A) . H&E staining of spleen sections revealed a dramatic reduction in follicle size in the absence of Hdac3 (Fig.  1B, Upper) and immunohistochemistry for B220 confirmed the paucity of B lymphocytes with only rare sporadic clusters of B cells remaining in the follicles (Fig. 1B, Lower) . (Fig. 1C) . Therefore, Mb1-Cre-mediated deletion of Hdac3 resulted in an early block to B-cell development.
B-cell maturation in the bone marrow is intimately linked to recombination at Ig loci. Specifically, productive VDJ recombination at the heavy chain locus results in expression of a pre-BCR and transition from a CD43
+ pro-B-cell to a CD43 − pre-B-cell (25) . Thus, whole bone marrow was segregated based on B220 and CD43 expression ( Fig. 2A, Left) . Compared with wild-type or heterozygous mice, Hdac3 Δ/− bone marrow showed an accumulation of B220 + CD43 + cells, which include the most immature B-cell populations in the marrow (Fig. 2B) . We next separated B-cell populations into "Hardy fractions," which further discriminated B220 +
CD43
+ progenitor cells on the basis of CD24 and BP-1 expression ( Fig. 2A, Center) and more mature B220 +
− populations on the basis of surface IgM and IgD expression ( Fig. 2A,  Right) . In the absence of Hdac3, there was a noticeable reduction in Fraction C (Fig. 2 A, Center, and C). Although some Hdac3-deficient B cells were able to develop to the B220 +
− stage, these cells did not make it past Fraction D. The dramatic loss of Fractions E and F revealed the absence of immature/mature B-cell populations, which display surface Ig. Interestingly, heterozygous deletion of Hdac3 also resulted in a reduction of the most mature lymphocytes (Fraction F), suggesting a degree of haploinsufficiency. Therefore, in the absence of Hdac3, B-cell progenitors failed to develop into mature B cells with a fully rearranged Ig present on their cell surface. that are recruited by transcription factors to regulate gene expression (1, 3) . Therefore, we sorted B220
+ cells from the bone marrow of Hdac3 Δ/− and control animals for RNA-seq analysis to examine transcriptional changes that might account for the aberrant B-cell development observed in the absence of Hdac3. Hdac3 deletion resulted in the increased expression of 356 genes (Fig. 3A) although slightly more genes showed downregulation upon Hdac3 deletion (26) . Among those genes significantly up-regulated upon Hdac3 loss were critical regulators of B-cell development, including Rag1, Rag2, terminal deoxynucleotidyl transferase (encoded by Dntt), and Pax5, which are required for VDJ recombination (Fig. 3B) . Indeed, further junctional diversity is achieved during recombination by the addition of nucleotides by Dntt (27, 28) , whereas Pax5 drives germline IgH transcription to maintain locus accessibility (29) .
Hdac3
Δ/− B-cell progenitor cells also maintained continued expression of Igll1 (Igλ5) and Vpreb1 (Fig. 3C ), which associate to form an Ig-like surrogate light chain assembled into the pre-BCR. Pre-BCR signaling in turn promotes silencing of Igll1 and Vpreb1 to make way for light chain rearrangement and mature BCR assembly (30, 31) . Thus, elevated surrogate light chain expression in Hdac3 Δ/− B-cell populations in conjunction with the elevated expression of the pro-B-cell marker Kit (Fig.  3C ) provides further evidence of impaired B-cell development before the generation of a productive pre-BCR.
Gene set enrichment analysis did not identify any pathways with an overrepresentation of genes up-regulated upon Hdac3 loss. However, there were several signatures enriched within genes down-regulated upon Hdac3 loss including DNA replication, oxidative phosphorylation, E2F targets, and Myc-regulated genes (Fig. S2 ). In addition to the silencing of surrogate light chain, the pre-BCR also provides a signal to proliferate following VDJ recombination when Igμ is first made (32) . The downregulation of these gene sets suggests that Hdac3 Δ/− B-cell progenitor cells were less proliferative and metabolically active than control cells, again suggesting a lack of pre-BCR signaling normally present within the B220 +
CD43
+ population.
Hdac3 Is Required for Productive VDJ Rearrangements. The gene expression analysis is consistent with a model in which MB1-Cremediated Hdac3 loss impaired B-cell development by preventing the generation of a functional BCR. Therefore, genomic DNA was isolated from B220 + CD43 + bone marrow cells followed by focused deep sequencing of the heavy chain locus to quantitatively characterize VDJ rearrangements. Compared with wildtype mice, Hdac3 Δ/− B cells contained significantly fewer heavy chain rearrangements (Fig. 4A, Upper) . As germ-line IgH sequences are not detected by this method, a significant portion of Hdac3-deleted B cells had not rearranged the heavy chain locus, which likely accounts for the significant accumulation of CD43 + pro-B cells in the absence of Hdac3. Consistently, the reduction in total productive rearrangements closely mirrored the reduction in CD43
− pre-B-cell populations observed in the absence of Hdac3 (Fig. 4A, Upper) . In fact, compared with wildtype B cells, in which 60% of heavy chain rearrangements generated a productive rearrangement, only 20% of the total rearrangements were productive in the absence of Hdac3 (Fig. 4A , Lower). In particular, there were increases in rearrangements that were either out of frame or introduced a stop codon (Fig.  4A , Lower). Thus, a significant reduction in successful VDJ recombination events accounts for the dramatic reduction in CD43
− B-cell populations in Hdac3 Δ/− mice. In addition to the paucity of productive rearrangements, for those Hdac3 Δ/− B cells that generated a functional IgH, there was significant skewing toward the incorporation of proximal V segments (IGHV05/ V H 7183, IGHV02/V H Q52) with a substantial reduction in the inclusion of distal variable gene families (IGHV01/V H J558 and IGHV08/V H 3609; Fig. 4B and Fig. S3 A and B) . Histone acetylation controls chromatin conformation to regulate transcription, and VDJ recombination is regulated by the accessibility of the gene segments to the recombinase machinery (19) . Given the reduction in distal recombination events, RT-PCR was used to detect the germ-line transcripts initiating from distal (V H J558) gene segments. However, transcription of distal gene segments was unchanged in Hdac3 Δ/− B cells (Fig. S4A) , suggesting that distal gene segments remained accessible to the recombination machinery in the absence of Hdac3.
Next, we performed the assay for transposase-accessible chromatin with high throughput sequencing (ATAC-seq) on sorted B220 +
+ B cells in Hdac3 −/− B cells. ATAC-seq allows the identification of nucleosome-free regions, such as those present at enhancers and promoters, based on the ability of a modified Tn5 transposase to mediate integration of sequencing adapters (33) . Consistent with the efficient production of germ-line transcripts (Fig. S4A) , ATAC-seq did not reveal large changes in the accessibility of the IgH locus in Hdac3-deleted pro-B cells and again suggested that the distal gene segments remained accessible in the absence of Hdac3. However, 6,146 peaks increased whereas 3,056 peaks were decreased more than twofold from a total of 69,709 peaks that were detected in at least two of four samples (Fig. S4B) . Consistent with the fact that ATAC-seq identifies enhancer and promoter elements, transcription factor motif analysis of the ATAC peaks gained upon Hdac3 loss identified significant enrichment of sequences associated with a number of transcription factors with well-established roles in B-cell development including E protein, Runx, and PU.1 family members (Fig. S4C, Upper) . Interestingly, both Runx1 and PU.1 are critical for early B-cell development, in part due to their ability to up-regulate the expression of another critical B-cell transcription factor, EBF1 (34, 35) . However, peaks containing EBF1 consensus sequences are among the most depleted upon Hdac3 deletion (Fig.  S4C, Lower) , and the motif for the boundary factor CTCF was also within the peaks that were reduced.
Because ATAC-seq reports primarily on nucleosome-free regions, we extracted chromatin from B cells isolated from the bone marrow and used limited digestion with micrococcal nuclease (MNase) to assess nucleosome compaction. Chromatin from Hdac3-deficient cells proved much more sensitive to MNase digestion, with an increase in monosomes after 10 min (Fig. 4C) . Thus, although Hdac3 may not be required for the establishment of nucleosome-free regions within the heavy chain locus, it may play a more general role in the regulation of nucleosome compaction. Although not quantitative, we also used transmission electron microscopy to examine nuclear architecture. In B cells lacking Hdac3, there was a reduction in the dark staining condensed chromatin present in control cells (Fig. S4D, Bottom Left) . Additionally, although wild-type B cells contained large, round nuclei with very little cytoplasmic space, Hdac3-deficient B cells often displayed a collapsed and irregularly shaped nuclear architecture (Fig. S4D, Bottom Right) . Thus, these studies suggest changes in chromatin structure and nucleosome compaction in Hdac3 Δ/− B cells.
Hdac3 Deacetylase Activity Is Critical for Hdac3 Function. The expression of an Hdac3 deacetylase domain mutant, Hdac3
Y298F , which disrupts deacetylase activity while retaining the ability to associate with NCOR1, was reported to partially complement the Hdac3 −/− phenotypes observed in Hdac3-deleted livers without affecting histone acetylation (16) . However, the liver model did not allow analysis at the single-cell level to assess complementation. Therefore, to understand the importance of Hdac3 deacetylase activity for B-cell development, as well as define the potential contribution of phosphorylation of Ser424 to Hdac3 regulation, we used retroviral delivery of Hdac3 mutants. We used a GFP-expressing virus to ensure analysis of only mutant-expressing cells. We first confirmed the expression of Hdac3 or mutants lacking deacetylase activity or the Ser424 phosphorylation site using a simple fibroblast system and found that the retrovirus yielded near-endogenous levels of wild-type Hdac3 or the mutants (Fig. 5A) .
Next, we infected bone marrow isolated from Hdac3 F/− Mb1-Cre mice before transplantation into lethally irradiated mice, and GFP-positive cells were monitored over time. At 4 wk posttransplant, peripheral blood was analyzed for the presence of GFP+ B cells (Fig. 5B) . Expression of wild-type Hdac3 or of the two mutants that disrupt Ser424 (S424A and S424D), a residue subject to phosphorylation, was able to restore peripheral B-cell populations, indicating that Ser424 phosphorylation is dispensable in B-cell development. At the same time, mice transplanted with bone marrow expressing the deacetylase dead mutant Y298F were unable to generate mature circulating B cells (Fig.  5A) marrow were harvested from transplanted animals, and B-cell development was analyzed. As the analysis of the peripheral blood suggested, the deacetylase dead mutant (Y298F) was unable to restore B-cell populations in the spleen as indicated by a lack of GFP + B220 + splenocytes (Fig. S5) . At the same time, Hdac3 Y298F failed to restore the development of CD43 − pre-B cells (Fig. 5C, Upper) and failed to generate mature B-cell populations with rearranged Ig expressed on the cell surface (Fig. 5C, Lower) . In contrast, cell-surface Ig expression in bone marrow B-cell populations and mature B-cell populations in the spleen was restored upon expression of either wild-type Hdac3 or the Serine424 mutants.
It is notable that, although vector control or wild-type Hdac3-expressing cells increased over time in the peripheral blood, the Hdac3 Y298F mutant not only failed to restore normal B-cell development, but also Hdac3 Y298F -expressing cells failed to survive over the 6-wk time frame (Fig. 5D ). This suggested that the Y298F mutant had dominant negative effects in non-B-cell hematopoietic lineages in which Mb1-Cre is not expressed (such that Hdac3 was not deleted). Therefore, we used flow cytometry to examine splenic T-cell populations and found that CD3+ cells were significantly reduced in the mutant-expressing (GFP+) population compared with nontransduced (GFP−) splenic T cells (Fig. 5E ). It is also worth noting that simply overexpressing wild-type Hdac3 also had an effect on T-cell accumulation, although not to the same degree as the deacetylase dead mutant. Overall, these studies indicate that deacetylase activity is a critical component of Hdac3 functions in B cells. In addition, a deacetylase dead Hdac3 mutant functions in a dominant-negative manner, likely by binding to and impairing the activity of NCoR/SMRT complexes.
Discussion
HDAC inhibitors have significant activity in lymphoma, and genetic models of the targets of these drugs continue to delineate the roles of individual Hdac proteins in lymphoid development. Deletion of Hdac1/2 in early B-cell development resulted in a complete loss of mature B cells from the spleen, whereas their deletion from mature B cells impaired proliferation following mitogenic stimulation (36) . These data not only suggest that Hdac1/2 are critical for cell-cycle progression, especially through the S phase, but also suggest that the cell-cycle defects are responsible for the B-cell developmental phenotypes (36) . Deletion of Hdac3 in hematopoietic stem and progenitor cells also identified key roles in cell-cycle control. However, there were also defects in the formation of the earliest lymphoid-primed multipotent progenitor cells, suggesting a more complex mechanism underlying the role of Hdac3 in lymphoid development (10) . Deletion of Hdac3 in early T cells also caused a lack of cell survival and impaired differentiation, but deletion later in development caused only functional defects (37-39). Here, deletion of Hdac3 in early committed B progenitor cells uncovered unexpected roles for Hdac3 in yielding productive VDJ recombination. The dramatic reduction in the number of productive VDJ rearrangements and the skewing toward proximal V H gene segment incorporation in those rare successful recombination events suggests that Hdac3 is required for the efficiency of recombination, perhaps due to its role in the regulation of chromatin structure.
By using a quantitative sequencing-based approach for the study of VDJ recombination events in which each rearrangement detected corresponds to a single B cell within the isolated population (40), we were able to show a tight relationship between productive rearrangement and cell survival. These results imply that the loss of Hdac3 Δ/− cells was due to a failure in VDJ recombination. This approach also demonstrated the skewing of recombination patterns, as the five most proximal V H gene segments showed an increased frequency of use in the absence of Hdac3, whereas the absolute number of rearrangements incorporating all but the most proximal gene segment (Ighv5-2 or V H 81X) was reduced in Hdac3 Δ/− B-cell populations. Importantly, recombination between Ighv5-2 and the nearest D H segment still requires the looping out of an ∼100-kb DNA fragment. Therefore, even the rearrangements using the most proximal gene segments require long-range chromatin interactions (18) . However, analysis of the five most distal V H gene segments revealed a much more dramatic reduction in the absolute numbers of total and productive rearrangement events in the absence of Hdac3. Therefore, a general trend emerges whereby the greater the genomic distance between segments, the less likely that a rearrangement between them will occur in Hdac3 Δ/− B cells. Because Hdac3 is a target of drug discovery efforts, it is important to note that the deacetylase activity of Hdac3 was absolutely required to restore B-cell functions (Fig. 5 and Fig. S5) , which indicates that Hdac3-selective inhibitors could modulate immune functions. Although some deacetylase-independent functions of Hdac3 were previously reported (16) , the use of different model systems (liver versus B cells) and the mode of inactivation of Hdac3, such as the use of a combination of different viruses to delete and complement Hdac3 deficiency in the liver (16) , may contribute to the differences in deacetylaseindependent and -dependent phenotypes observed in different tissues. Hence, in our bone marrow transplantation model, we assessed the level of infection before transplant to follow the requirement for deacetylase activity on a cell-by-cell basis over a 6-wk period. By segregating the GFP+/Hdac3-re-expressing cells, we demonstrated complementation of the B-cell defect with wild-type Hdac3 and that the deacetylase dead Hdac3 mutant failed to restore B-cell development in transplanted mice. Moreover, the Hdac3 Y298F mutant not only failed to complement, but also appeared to be toxic to cells, as mutant-expressing cells were selected against over time (Fig. 5) . In fact, by 6 wk posttransplant all mice receiving Hdac3 Y298F -expressing bone marrow had very few GFP-positive cells remaining in the peripheral blood and five of eight mice had undetectable levels of GFP-positive cells in the spleen despite high GFP+ cell numbers present at transplant. Furthermore, given that the Mb1-Cre transgene is active only in B cells, the near absence of GFP+ CD3+ splenic T cells indicates that Hdac3
Y298F impaired T-cell development in the presence of endogenous wild-type Hdac3, suggesting that this mutant acts in a dominant-negative fashion. These results suggest that the Hdac3 Y298F mutant retained the ability to bind to NCOR and SMRT as previously reported (16) and likely disrupted their activities, as these corepressors are required for T-cell development (41) . In all, our data stress the importance of Hdac3 deacetylase activity for the regulation of chromatin structure and Ig rearrangement necessary for B-cell development and indicate that inhibition of Hdac3 remains a viable therapeutic strategy.
Materials and Methods
Bone Marrow Transplantation. Bone marrow was isolated from 8-wk-old Hdac3 F/− Mb1-Cre mice and retrovirally transduced with empty vector control, wild-type Hdac3, or the indicated Hdac3 mutant as previously described (42) . Following retroviral transduction, 2e5 cells were transplanted by tailvein injection into lethally irradiated C57BL/6 mice. At 4 wk posttransplant, the peripheral blood was checked for the presence of GFP+ circulating B cells. At 6 wk posttransplant, animals were killed, and bone marrow and spleen were harvested to assess B-cell development.
Animals were housed under pathogen-free conditions and all experiments were conducted in accordance with an Institutional Animal Care and Use Committee-approved protocol under guidelines set forth by the Vanderbilt University Medical Center.
Flow Cytometry. Single-cell suspensions were obtained from bone marrow by flushing the femur and tibia or from spleen by pressing through a 70-μM strainer. Following erythrocyte lysis (Buffer EL, Qiagen), cells were stained with noted combinations of fluorophore-conjugated antibodies in PBS + 0.5% BSA at 4°C, washed, and acquired on a 5-laser BD LSRII. Data analysis was performed using FlowJo software (Tree Star). Briefly, libraries were constructed using bias-controlled multiplex PCR to amplify all possible IgH rearrangements (40) , and high-throughput sequencing of CDR3 of the B-cell receptor was performed with spike-in of synthetic controls to allow for normalization and accurate quantification. Results were analyzed using the immunoSEQ analyzer software. Genotyping. Genotyping of the hdac3 locus was performed with the primers F-CCACTGGCTTCTCTAAGTTC and R-CCCAGGTTAGCTTTGAACTCT, which generate products associated with floxed (935 bp), wild-type (895 bp), and knockout alleles (211 bp).
RNA-
Immunohistochemistry. Ten-percent formalin-fixed spleens were paraffin-embedded and sectioned. H&E staining was performed according to standard protocols to determine splenic architecture. Briefly, deparaffinized slides were rehydrated and boiled briefly in antigen retrieval (10 mM sodium citrate, 2 mM EDTA, pH 6.0). Following cooling, endogenous peroxidases were quenched, and sections were blocked with 10% serum and incubated with 1:100 antibody overnight at 4°C. Sections were washed and incubated with biotinylated secondary antibody before horseradish peroxidase streptavidin was added and visualization with 3,3′-diaminobenzidine (Sigma).
VDJ Germ-Line Transcription. For germ-line transcription, total RNA was isolated from FACS-sorted B220 + c-Kit + pro-B cells as described above. RNA was pretreated with DNase before cDNA synthesis. For cDNA synthesis, 500 μg of RNA was synthesized with an iScript cDNA synthesis kit (Bio-Rad), and 500 μg was used in a no reverse transcriptase reaction. cDNA was diluted as noted in Fig. S4 and amplified with 35 cycles of PCR using a 58°C annealing temperature and primers specific for proximal or distal germ-line transcripts. Actin served as a control.
B-Cell Isolation and Western Blotting. B cells were purified from bone marrow using B220 microbeads (Miltenyi Biotech). Following positive selection over a MACS column, cells were lysed in RIPA buffer with protease inhibitors. Samples were sonicated, and precleared lysates were resolved by SDS/PAGE, transferred to PVDF membrane, and probed with specific antibodies.
RNA-seq Analysis. Samples were sequenced with an Illumina HiSeq 2500 on an SR-50 run aiming for 30 million reads/sample. Preprocessed reads were aligned to the mouse transcriptome (mm10, downloaded from the University of California at Santa Cruz Genome Browser) using TopHat, and differential gene expression was determined by Cuffdiff as previously described (43) . Gene set enrichment analysis (GSEA) was performed using Molecular Signatures Database v5.0 available from the Broad Institute and based on the list of expressed genes preranked by the logtwofold change in expression between Hdac3 Fig. S5 . At 6 wk posttransplant, splenocytes derived from retrovirally transduced bone marrow were identified by GFP expression and further analyzed for B220 expression to identify splenic B-cell populations.
